In this paper, a new sensorless Interior Permanent Magnet Synchronous Motor (IPMSM) drive method with Extended Kalman Filtering (EKF) estimation of speed and rotor position is proposed. This method is on the basis of the sensorless Surface Permanent Magnet Synchronous Motor (SPMSM) drive [1] that can be applied to motors with no salient pole and is developed so as to be able to be applied to motors with salient pole such as IPMSM. Noise and vibration in mechanical plant becomes larger if rotor position estimation error occurs. Furthermore, the rotor position estimation error causes noise and vibration. The feature of the method is that rotor position estimation error does not occur even if motor current or motor voltage change. Therefore, the method can be applied with arbitrary motor voltage waveform and, consequently, the method is suitable for sensorless IPMSM drive.
INTRODUCTION
The features of Interior Permanent Magnet Synchronous Motor (IPMSM) are high efficiency, high power and wide rotational speed range. Therefore, the IPMSM is widely adopted to compressors for example is expected to be applied to Electric Vehicles (EV). Sensorless Permanent Magnet Synchronous Motor (PMSM) drive is widely studied [1] - [5] because it can drive PMSM without position sensor and it leads to raise reliability against vibration of system and achieve cost cutting of manufactures.
Representative conventional sensorless PMSM drive methods are EMF zerocrossing with the 120 degree turning on voltage waveform method [3] , the method utilizing neutral point voltage [4] , the method utilizing estimated EMF of dq rotational axis model [5] , the method utilizing Extended Kalman Filtering with αβ stationary axis model [1] , [2] and so on. In order to drive the IPMSM with high efficiency, it is necessary to detect the rotor position accurately and control d-axis current by using the rotor position. Although, in the case of the methods of EMF zero-crossing and utilizing neutral point voltage, it is difficult to drive with high efficiency because those methods detect position with a low resolution only at each 60 degree.
Conventional model-based sensorless methods utilizing the dq rotational or the αβ stationary axis model can detect position with a high resolution but it is unclear what assumptions are required to make the estimated position error zero.
In this paper, first, it is postulated that the conventional methods utilizing EMF of αβ stationary axis model require the following assumptions: A1) Motor speed maintains a constant value. A2) d-axis current maintains zero value. Noise and vibration in mechanical plant becomes larger if rotor position estimation error occurs. Furthermore, the rotor position estimation error causes noise and vibration. Especially, assumption A2 disturbs driving the IPMSM with a high efficiency because the d-axis current with zero value may not attain the maximum efficiency. A new sensorless drive method is proposed that does not require A2 and is an expansion of the method utilizing EKF with the αβ stationary axis model.
The paper is organized as follows. In Section 2, it is shown that the conventional sensorless methods utilizing the motor model require assumptions Al and A2. In Section 3, a new sensorless drive method is proposed that does not require A2. In Section 4, numerical simulations are used to indicate the effectiveness of proposed method. In the Appendix, nomenclature, subscripts and superscripts are described.
ASSUMPTIONS OF THE CONVENTIONAL METHODS UTILIZING THE MOTOR MODEL [1], [2]
In this Section, it is shown that the conventional sensorless methods utilizing the motor model require the assumptions Al and A2.
A. IPMSM αβ stationary axis model
Models of the IPMSM have been studied in references [6] , [7] , [8] . Here, a flux model of a reluctance motor studied in [9] is applied to the IPMSM in order to express terms depending on salient pole (L d − L q ≠ 0) simple.
The IPMSM 3-axis UVW stationary frame voltage equation [4] is yielded as 
From (1) and 3 phase→2 phase stationary frame transforming matrix C 3 defined as (40), the IPMSM αβ stationary axis model is obtained as (8) 
where L d , L q are d-and q-axis inductance, respectively, and those are defined as
Now we transform the expression in d/dt of the second term in (9) into expression of "vector without + scalar × [cos( ), sin( )] T " as (12) By substituting (9) for (12), we get (13) By collecting terms in (13) with θ, we get (14)
B. Assumptions of the Conventional Model Based Methods [1], [2]
In order to clarify terms depending on salient pole (L d -L q ≠ 0), we expand (14) as
The conventional methods utilizing Extended Kalman Filtering with αβ stationary axis model [1] , [2] require the assumption Al, in other words, is ω = const. is required. Furthermore, as the conventional methods are for the motors with no salient pole (L d = L q ) like SPMSM, if the methods are used for IPMSM, the estimated positional error due to the 2nd and 3rd terms in (15) occurs. The error becomes zero if the IPMSM is driven under i d = ⋅ i d = 0, but a high efficiency drive cannot be realized under i d = 0. Therefore, the assumptions Al and A2 are necessary in order to zero the estimation error of rotor position.
The method utilizing the estimated EMF of the dq rotational axis model [5] has an assumption that the estimation error of the rotor position is zero. This assumption requires Al and A2.
It is known that i d with negative value attains the maximum efficiency of the IPMSM [10] . In this case, A2 is not satisfied, so it is desirable to remove the assumption A2.
PROPOSED SENSORLESS IPMSM DRIVE METHOD
A new sensorless IPMSM drive method that does not require the assumption A2 is proposed. 
3.A. State Space Model of IPMSM
(24) is derived under A1, that is, ω ⋅ = 0. f(x(t) ) by using the Taylor 1st order approximation around x(t). 
3.B. Sensorless IPMSM drive method
Here, the sensorless IPMSM drive method using EKF [1] is presented.
In order to apply EKF to an actual system expressed as (28), the system must be continuous. The system expressed by a voltage equation (1) of IPMSM becomes continuous if a distribution of flux linkage is in the form of a sinusoidal wave. Therefore, the proposed method requires an assumption that the distribution of flux linkage of the actual motor is in the form of a sinusoidal wave.
Prediction and innovation steps are performed at each sample. In the prediction step, the following recursive calculations are done.
In the innovation step, the following recursive calculations are done.
(29)
(31)
where the positive matrices Q ∈ R 4×4 , R o ∈ R 2×2 , P 0|0 ∈ R 4×4 are tuning parameters. Using the formulation in (34), instead of that in (33), the symmetry and positivedefiniteness of the matrix P k|k are reserved and only second-order errors in the optimal gain K k are propagated.
By substituting the 4th element of x k|k for θˆk, estimated position θˆk is derived. If the sign of the 3rd element ofx k|k is different from that of the reference speed ω k * , it is performed that θˆk = θˆk + π.
Estimated angular speedω k is derived by using the Euler approximated derivation of θˆk and the 1st order low pass filter:
where f w ∈ R 1 × 1 (0 ≤ f w < 1) is one of tuning parameters.
The control block diagram is shown in Fig. 1 . PI means PI controller. β k * means reference current phase and has relational expression as, β k * = tan −1 (−i d * /i q * ). tan (β k * ) is introduced in order to attain high efficiency [10] .ˆ(
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SIMULATION
Here, numerical simulations are shown to indicate the effectiveness of proposed method. The conventional methods [1] , [5] are also simulated to be compared with the proposed method.
4.A. Simulation Setting
The motor adopted in the simulation is described in [11] as where Q, R o are the same values as in [1] .
4.B. Results
In order to check the convergence rate and the stationary estimation error, firstly, the motor is driven using an angular sensor. The reference speed ω k * is changed at .
Figure 1
Control block diagram.
Figure 2
Start-up characteristics.
(EKF for SPMSM) Fig. 2 shows the result. From Fig. 2 , the convergence rate and stationary estimation error of proposed method are better than those of the conventional methods.
In order to check the case that the assumption A2 is not satisfied, the reference current phase β k * is changed at 0.4[s] as ramp signal when the sensorless drive is being performed. Fig. 3 shows the result. From Fig. 3 , the estimation error of proposed method is significantly smaller than those of the conventional methods when i d changes. The result agrees with the theory.
In order to check the usability, the load torque is changed at 0.4[s] as a step signal when the sensorless drive is being performed. Fig. 4 shows the result. From Fig. 4 , the estimation error of proposed method is significantly smaller than those of the conventional methods when load torque changes and, consequently, speed and currents changes.
CONCLUSION
In this paper, a new sensorless IPMSM drive method was proposed. The method utilizing estimated EMF of the rotational axis model [5] has an assumption that the estimation error of rotor position is zero. This assumption requires A1 and A2. S. Bolognani's method [1] in which EKF was adopted was for no salient pole motor. First, it was clarified that A2 was required in order to estimate the position of sensorless IPMSM by this method and noise and vibration in mechanical plant becomes larger if rotor position estimation error occurs. Furthermore, the rotor position estimation error cause noise and vibration. Next, a state space equation of the IPMSM was derived and a sensorless drive method with EKF for the IPMSM was proposed. It was verified by numerical simulations that proposed method is superior to the conventional methods, that was, convergence rate was faster and estimated position was rarely affected by changed i d and changed load torque.
The characteristics of SPMSM corresponds to SPMSM if L d = L q or synchronous re-luctance motor if 0 a = 0 [4] . Therefore, proposed method can be applied to SPMSM and to the synchronous reluctance motor.
Figure 4
Load torque change.
APPENDIX
Nomenclature, subscripts and superscripts Here, nomenclature, subscripts and superscripts are described. The motor coordinate system is shown in Fig. 5 . Motor coordinate system.
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